The 32PPi—ATP isotope-exchange reaction catalyzed by the yeast valyl-tRNA synthetase Order of substrate binding and effect of tRNA  by Kern, D. & Giegé, R.
Beside the tRXA aminoacylation reaction, the 
aminoacyl-tRNA synthetases caialyze also the incor- 
poration of 32PPi nto ATP [l-5]. It is generally 
believed that this isotope-exchange occurs at the 
equilibrium of the amino acid activation step, which 
is the first step in the two-step mechanism often 
proposed for the tRNA aminoacylation reaction 
catalyzed by the synthetases [l-5]. This isotope- 
exchange reaction, and consequently the amino a.:id 
activation step ,generally does not require the presence 
of rRN.4, except in the case of the three enzymes 
specific for glutamine, glutamic acid and arginine 
[6-123. 
This paper is a study of the 32PPj-ATP exchange 
reaction catalyzed by yeast valyl-tRNA synthetase. 
Initial velbci,ties, product and dead-end inhibition 
measurements are reported which indicate that ATP 
binds to the enzyme before valine, PPi being released 
aftzi the formation of the activated aminoacyl- 
adenylate : enzyme complex. Although valyl-tRNA 
synthetase does.not require the presence of its 
cognate tRNA during the 32PBi-ATP excha;lge, we 
have investigated its effect ,as well as that ofperiodate- 
oxidized tRNAVA and of tRNAplle on this exchange 
reaction. The experiments show that tWNAVal, either 
native or periodate-oxidized, modifies the kinetic 
parameters of the isotope exchange, whereas the non- 
cogrlate tRNAP’leh is without effect on this exchange. 
I_-valine was purchased from Merck and L-[3H]Valine 
(spec. act. 30 Ci/mmol) from the Commissariat g 
1’Energie Atoniique (Saclay); ATP, AMP, va~Y~oI and 
bovine serum albumin were from Sigma. A!@c~~ 
(LvJ? metkylene adenosine triphosphate) was from 
Aldrich, and hTa3*P~i from Amersham. Unfractionated 
yeast tRNA was from Boehringer. All the other prod- 
ucts were of the highest purity commercially 
available. 
Yeast-valyl-tRNA syntbetase (EC 6.1 .I -9, 
E280 nI,l 
1 m&n l/cm = 1.77) was purified as in [I 31. The turn- 
over measured by the aminoacylation at 37°C and 
pH 7.2 was of 8 .O s-’ . The major species of yeast 
tRNAVal (acceptance capacity 15QC pmol/A 260) was 
purified as in [ 131 and yeast tRIU.~~e (acceptance 
capacity 1300 pmol/A 2&l was obtained pure after 
counter current fractionation 1143; tRNAVd was 
oxidized in the presence of sodium pcriodate by the 
procedure in [ 153. 
The incubation mixtures contained: 100 mM 
Tris-HC1 (pH 7.51, ATP, 32PPi and L-valine at the 
indicated concentrations. The concentration ofMgC12 
*as kept 5 .O mM in excess of the sum of Pi and 
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ATP (or PPj, ATP and AIMkEY) concentrations. In 
sotie experiments tRNAV~, tRNA~$ or tKUPhe 
were added to the incubation mktu~es. The valyl- 
tRNA syrrthetase, previously diluted in 50 mM Tris- 
l-ICI (pH 7 -4) buffer containing 1 mg/ml bovine serum 
aIbJmin 2nd 5 mM 2-mercaptoethanol, was present in 
2mou:lts allowing linear incorporation of 32PPi into 
ATP. After various incubation times at 28”C, 50 ~1 
samples were precipitated into 0.5 ml of a suspension 
df acid-washed Nor& (30% w/v] in 75% perchloric 
a::id and 0.1 M Na PPj_ After filtration of the Norit 
c,n glass fiber Whatman filter discs GFjc the [32P]ATP 
s:lnthesized was determined by liquid scintillation 
c,mnting_ The kinetic results of 32PPi-ATP exchange 
n ere expressed according to tl:e terminology pro- 
posed i I 61. 
2.4. Amirloacylation of tRh!A 
Tlze incubation mixtures contained 100 mnil Tris- 
Hd71 (pH 7_5),MgCI,,ATP, G13H]vaiine (75 COO cpm/ 
nmoi), tIPNA~‘~, iaMP and NaPPi at the indicated 
concentrations. After various incubation times at 
28”C, 50 ~1 aliquots were removed and the [“Hlvaii- 
tRNA synthesized determined as in [ 133. 
3. &WI&s 
3 .i _ Effects 0fA TP, valine and PPi oii tJie 32PPi- 
A TP e_xcJrange reaction catalyzed by vaJyl-tRNA 
syntlzetase 
Kinetic evidence for a sequential pathw2y in the 
exchange reaction is obtained by varying ATi’ and 
L-valine at a fmed level of PIpi. The double reciprccal 
plots show a series of lines intersecting at the left of 
the vertical axis (fig.lk). Thus both substrates must 
add to the enzyme before a product js released. 
When PPi is varied at different fued ATP or 
L-valine concentrations, t&e third substrate, respec- 
tively L-valine or ATP, being present at a constant 
concentration, the double reciprocal plots consist of 
parallel lines (Gg.1 B,C). Consequently ATI’ and 
k-valine on the one side, and PPi on the other one: 
combine with enzyme fo;ms which are.irrevereibly 
connected in the sequence of the various steps taking 
part in the 32P~--ATP isotope-exchange reaction; - , 
3 2. Effects of valylol and AMYciP 017 zJ?e ‘TH’- 
Valylol and AMPcPP which are structural anvlogues 
of v,dine and ATP :vere both found unable to stimu- 
late the isotope-exchange reaction. Valylol acts as ;I 
competitive inhibitor with respect- to valine (fig2A j_ 
Thusvalke and valylol bind to the same enzyme form. 
A similar competitive inhibition pattern is obtained 
when ATP is the varied substrate in the presence of 
changing fmed concentrations of AMPcPP, indicating 
that ATp and AMP&p are also both able to bind tcs 
the same enzyme form (Q.3A). According to the 
definition [ 161 these analogues are dead-end inhibitors, 
and can therefore be used to determine the urdc: o.? 
binding of ATP and valine to the enzy:ne. Valyioi 
acts as an uncompetitive inhibitor respective to _4TP 
(fig_2B), and AMPcPP as a non-competitive inhibitor 
respective to valine (fig3B). Furthermore, both 
valylol and AMPcPP acts as uncompetitive inhibitors 
Fig.1 _ Plots of reciprocal exchange velocities agains! ID-’ -- procal concentrations of one substrate, in the presence of changing fLxeG 
concentrations of the second substrate and a constant concentratior of the third substrate_ (A) ATP variatie, PPi constant 2.0 mAI 
and k-v~k (0) 9.033 mM, (I) 0.1 mM, (0) 1-i) mM. (B) PPi variable, L-valine constant 1.0 mM and ATP (0) 0.2 mM, (0) l.O-m:&I. 
(0 PPi variable, AIT constant 1.0 mAI and L-valine (e] 0.1 mM, (0) 1.0 mM. 
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ITi@. Inhibition of the valyl-tRW.4. synthetase catalyzed 32PPa-ATP ex&an&c by valylol. Double reciprocal plots with one sub- 
with respect to Eli (fig.X,3C). These kinetic patterns 
indicate that ATP binds before valine to the enzynne, 
and conhn that the enzyme fornts binding ATP and 
valine are irreversibly connected to the enzyme fonn 
which binds ITi. 
The Michaelis constants derived from these studies 
are given in table 1. 
remrio 
Figure 4 shows that tRNAaTal, either charged or 
uncharged, can induce the same decrease of the reac- 
5 
tion rate of the 3”ppi-ATP exchange reaction_ Bn partic- 
uhr, no variations of the exchange reaction rate is 
detected when the alnount of charged tWNA increases 
during the insubation time_ In the presence of AMY, 
wlien the arninoacylation reaction is reverseed, the 
tRNA effect is not modified. 
The effect is also observed in the presence of 
zRNA~$, and is dependent upon lihe concentration 
of the tRNAs ai shown in the inset of f&A. The 
inhibition constan& of the various forms of tRNAVti 
for Phe exchange, avhiclt are derived from the plots in 
the inset figure, and which can be assimilated to dis- 
Fig.3. Inhibition of the valyl-tRPdA synthetase catalysed 32PP~--AIW exchange by AMPcPP. Double reciprocal p]ots with one sub- 
strate variable, at changing fixed concentrations of APvWcE’P ,“nd comtant concentrations of the two other substrates_ (A) ATP 
vtiabi.e, L-valine 1 .O mB%. PPj B.0 mM, AMP&T (010 mM, (01 2.5 mM, (A) 5.0 mM_ (B) L-vaEne variabk, AT&’ 05 mM, pi 
1.0 rn$%, .MWcPP (0) 0 mM, (e) 1.25 mM, (A) 2.50 mM (*I 5.0 mM. (C) PPi variable, L-vake 0.5 mM_ ATF 1.0 mM and 
AMP&T (0) 0 mM, (0) 5 -0 m&t. 
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Table. 1 
Michau?Es-Menten constants of the various ligands of yeast valyl-tRNA synthetase 
in the 32ppi-ATp isotope-exchange reaction and inhibition constants of 
figand analogues 
- 
Substrate or K, (mM) 
analogue 
Ki 















a The measurements are effected under the conditions br section 2 in the presence 
of nmiting concentrations of the substrate tested, the concentrations of the two 
other liands being constant: L-Wine, 1.0 KIM; ATP, 1.0 mM; PPi, 1.0 mM 




Fi;;.4. Correlation between the aminoacylaticn of tRNAVa’ 
an3 the tRNAVaf-induced inhibition ofthe 3zPP--ATP 
exchange- (A) Aminoacylation of tRNAVa? (B) “PP- -ATP 
exchange. Both incubation mixtures contained ATP i-0 mM, 
L-saline 0.05 mM (3H-lahelied in A), PPi Z-0 mM (32P-laSeBed 
in B) tBNAVa’ 10 pM (&,~,a) 0; no tKNAVa* (A). I>; one 
expekent (A), tRNATJa* was aminoacylated before starting 
the isotope exchange reaction which was initiated at t = 3 by 
addition of BPi; in another experiment (0) 1.0 mM AMP was 
pre.s:nt.The inset of B shows the dependence of the inhibition 
of the 3*PPi-ATP exchange rate with respect to the concen- 
tration of the various tRXAVa’ forms 
s 
(o) uncharged- (3) 
charged; (0) periodate oxidized tRNA a’). This dependence 
is presented according to the double reciprocal plot: 
l/(V-Y) =f (I/[tRNAVa’]free) 
Minuks 
where V and v represent respectively the isotope-exchange 
rates in the absence of tRNAva’ and in the presence of a 
given concentration of tRNAVa’; tRNA2: represents he 
concentration of tRNAval not bound to the enzyme which 
was obtained by subtracting from the initially present 
tRNAvaf concentration that of the Enzyme - tRNAVa* 
complex. The concentration of this complex was determined 
assuming that the extent of inhibition is proportional to the 
saturation extent of the enzyme by tRNAva], the optimal 
inhibition corresnonding to the saturation of the enzyme by 
tRNA. The concentrations of the reactants were: ATP 
1.0 mM, “PPr 2.0 mM, L-Wine 0.05 mM, enzyme l-75 nM 
and those of the various tRNAs varied between GA nM and 
3 35 MM. When val-tRNAvaL 
taining tRNA=L 
was tested, the mixture con- 
was preincubated 30 min in the absence 
Of ~Pi; wnen uncharged tRNAVal was tested the incubation 
mixture contained 1.0 mb! AMP. 
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Volume 103, nurilber 2 FEES LETTERS July 1979 
A_A-b-A-A 
Fig.5. Effects of tRNAva!, tRNAz:I and tRNAP1le on the 32Pki-ATB exchange reaction. (A-C) double reciprocal plots with 
variable PP, concentration and constant ATE’ and valine concentrations. (DE) double reciprocal plots with variable Wine or ATP 
concentrations and constant concentrations of the two other substrates. (Al ATP 1.0 mM, k-valine 0.05 mM. (Bj ATP 1.0 mM, 
L-valine 1.0 mM. (C> ATP 10.0 mh!, L-valine 5.0 mht. (D) B~j 1.0 mM ATP 1 .O mM. (E) PPi 1.0 mM, L-vdine 1.0 mh!. The 
reactions were effected either without tRpJA (o) or with 10 p?4 tRNA tal (A) or PO pM tRNA~$ (a) or 30 p&l tRNAP”e (a). 
sociation constants, are in the range of 1 nM. 
The double reciprocal plots of fig5 show the 
dependence of the tRNA effect with the conccntra- 
tion of the ligands involved in the isotope exchange_ 
For various valine and ATP concentrations the 
apparent nxximal velocity of the system is reduced 
and the Km of IT1 for the synthetase is decreased by 
w-1 order of magnitude in the presence of a saturating 
tRiUV~ concentration (fig.SG-C!). T’he effect on the 
apparent maxlnal rate can bowever be strongly 
atten,uaied by an exces5 of ATP or valine (figSD,E). 
Indeed tRNAVa’ acts as a competitive inhibitor 
respective to ATP and valine, and increases the Km 
vdues of these ligands for the enzyme. Finally at the 
same saturation extent of the enzyme by both A?fP 
and valine (at comcentratiomz corresponding respec- 
tively, to S- and 2Mmes the K, values determined 
in the presence of 1 naM FPi) it was shown that the 
apparent maximal rates of the exchange measured in 
the absence or in the presence of tlPIUV~ become 
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similar at very hi& PPi concentration (results not 
sllow II). 
The comparison of the nunrerical values of the 
Michaelis constants of the three ligands involved in 
the “PP--ATP exchange, obtained in the presence or 
in the alkence of tRNAVal _ IS given in table 1 _ 
These tRNAV~ effects are not nrodified by AMP 
(results not shown) and occur also with periodate- 
oxidized tW$JA~al (fig.5). On the contrary, tRNAPire, 
which can strongly bind to valyl-tRNA synthetase. 
and which is easily misacylated by thl; synthetase [ 171 
is without effect on the exchange jfig.5). 
The kinetic studies of the zPPi-ATP isotope- 
exchange reaction catalyzed by the yeast vdyl-tRNA 
syntbetase presented in this work allow us to propose 
the order of addition and of release of the substrates 
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and products which occur during the activation step of 
V&XL The results can be represented by the following 
scheme: 
for PFi and reduce the maximal rate of the isotope- 
exchange; in addition, this tRNAVa’-effect should he 
reversed by an excesofPPi_ Our results show opposiite 
behaviour: indeed, the aZinity of the enzyme for “Pi 
increases in the presence of $RNAval as shown by.2 
IO-fold decrease of theK, (see table Z) and the 
tRNAv%nduced decrease of tlrti apparent maxim:~l 
rate of the isotopeexchange is not reversed in the- 
presence of an exe:--ss of PFi_ Furthermore, the 
presence of AMP, by reversing thetransfer step, sho&I 
reduce the tRNAVat effect: we did not observe sue h 
an effect. Finally, if tRNAva’ would significantly 
compete with PFi, the presence of tRNA$ should 
not affect this isotopeexchange: our data show that 
tRNAz$ can efficiently replace native tRNAvd_ 
Another explanation of this phenomenon could b:: 
that tRNAvd induces the hydrolysis of adenylate, as 
shown for tR%APhe in the presence .of yeasr phenlrl- 
alanyl-tRNA synthetase [323, so that the catalytic fly 
available concentration of adenylate would be lower 
in the presence of tRNA than in its absence. Such a 
mechanism would consume ATP. We verified, in the 
presence of tRNAy$,which cannot be aninoacylated, 
that no significant amount of ATP is consumed during 
the isotopeexchange. 
*;fp vaEne I”ri E 4 (E : AMP - val) ? 
which shows Phat ATF binds before valine to the 
enzyme. This sequential binding also occurs during 
the overall aininoacylation reaction catalyzed by this 
enzyme (D. K. et al., in preparation). Ordered addi- 
tions of ATF and amino acid were also found for 
other synthetases, either by studying the isotope- 
exchange reaction as in the case of the K COU leucine 
enzyme [ 181, or by studying the overall aminoacylz- 
tion process, as in the case of the E. coli proline, the 
yeast leucine and the rat liver tryptophan enzymes 
[ 19-2 I]. This scheme, however seems not to be 
general for all aminoacyl-tRNA synthetases, since 
random associations f the ligands were described in 
other systems [22,23]_ But it may be noticed that 
depending on the experimental conditions, alternative 
mechanisms have been proposed for a same enzyme, 
e.g., beef pancreas tryptophanyl-tRNA synthetase 
1241; so that the exjstence of a similar bebaviour of all 
synlihetases cannot be excluded. 
The yeast vaiyl-tRNA synthetase belongs to the 
enzymes whic!i catalyze the 32FPi-~TP isotope- 
exchange in the absence of tRNA [IS]. Nevertheless, 
in the present work we present evidence that the 
cognate tW&I vd, similarly to other tRNAs in differ- 
ent systems [25-3 I], infhlences this exchange reac- 
tion_ The effect we observed here is, however, not 
related Po the tRNA effect occurring in the glutamic 
acid, glutamine and arginine systems, where the 
presence of the tWWA is obligatory for promoting 
the iso@pcexchange, probably by allowing the bind- 
ing of ATP and/or amino acid to the enzyme 16-123. 
Furthermore, our experiments demonstrate that the 
tRNAV%nduced effect is not Wrrd to the coupling 
of the transfer step of ,the activated amino acid to the 
SSA w&h the isotope-exchange reaction_ Indeed 
such a coupling of both reactions using the same 
enzyme : adenylate intermediate wou1.d result in a 
competition bettieen tRNAVti and PPj for this inter- 
mediate. Thus, rhe presence of accepting tRNAVd 
should apparently decrease the affinity of the enzyme 
Qze may now wonder about the mechanism bY3 
which tRNAvd influences the exchange reaction. 
We propose that it is related to the specific interaction 
of the tRNA with the eazyme. Let us --ecall that the 
rate of ihe exchange reaction depends upon the rues 
of various partial steps capable of being rate-iimiting: 
those of the two catalytic steps establishing the 
equilibrium, and those of the exchange steps 
between free and-enzyme-bound PPi and ATF. The 
decrease of the apparent maximal rate oi‘the iso- 
topeexchange and the decrease of the a?p. K,, cf 
Phi suggest a priori a slow dissociation of PPi from 
the (E : AMP A_ Val, PFi, tRNAVal) complex. HOW- 
ever as an excess of ATF or valine is able to reverse 
the tRNAvat-induced decrease of the apparent 
maximal rate, it appears that even if the affinity of 
F~i for the (E : AMP - Val, tRNAvq complex is 
increased,the rate of exchange between the free and 
the enzyme-bound FFi is not rate-limiting in the 
32FFi-A~F exchange effected in the presence of 
tIPNA~~_ It sezrns thus, that the decrease of the me 
we observed is rather linked to the formation of 
inactive (Enzyme, tRNAvd, PPi) complexes able to 
279 
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be reversed either by an excess of ATP or valine. Our 
results therefoie suggest: 
(ij That ITi ca~ combirx with two different enzyme 
hxns, E : AMP - Val and free enzyme; 
(ii) That tPY Val _ xl2A mcmbses sipificantl~ the affinity 
of PPi fL;i these two enzyme forms. 
Kinetic studies of t%e overall aminoacylation reaction 
are in progress to elucidate this mechanism in more 
detail. 
We suggest that the particular kinetic hehaviour of 
the exchange reaction effected in the presence of 
tRNAV~ is the conseQuence of a conformational 
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